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Oxidation of low-density lipoprotein (LDL) has been strongly suggested as the key factor in the pathogenesis of atherosclerosis.
Mushrooms have been implicated in having preventive effects against chronic diseases due especially to their antioxidant properties.
In this study, in vitro inhibitory effect of Hericium erinaceus on LDL oxidation and the activity of the cholesterol biosynthetic key
enzyme, 3-hydroxy-3-methyl glutaryl coenzyme A (HMG Co-A) reductase, was evaluated using five liquid-liquid solvent fractions
consisting of methanol : dichloromethane (M : DCM), hexane (HEX), dichloromethane (DCM), ethyl acetate (EA), and aqueous
residue (AQ). The hexane fraction showed the highest inhibition of oxidation of human LDL as reflected by the increased lag
time (100 mins) for the formation of conjugated diene (CD) at 1 ug/mL and decreased production (68.28%, IC,, 0.73 mg/mL)
of thiobarbituric acid reactive substances (TBARS) at 1 mg/mL. It also mostly inhibited (59.91%) the activity of the HMG Co-A
reductase at 10 mg/mL. The GC-MS profiling of the hexane fraction identified the presence of myconutrients: inter alia, ergosterol
and linoleic acid. Thus, hexane fraction of Hericium erinaceus was found to be the most potent in vitro inhibitor of both LDL
oxidation and HMG Co-A reductase activity having therapeutic potential for the prevention of oxidative stress-mediated vascular

diseases.

1. Introduction

Atherosclerosis, a complex pathophysiological process, is the
cause for more than half of all the deaths in the developed
world [1]. Oxidative stress-induced modification of plasma
lipoproteins, especially low-density lipoprotein (LDL) and
elevated cholesterol level, has been highly implicated among
the multiple causative factors of atherosclerosis [2-5]. In fact,
numerous oxidation-prone free radicals such as superoxide,
peroxide, nitrogen oxide, and nitric oxide are abundantly
produced and removed very often in normal physiological
conditions [6]. Imbalance between their production and
removal resulting in excessive free radicals afflicts the nor-
malcy that turn into pathophysiological consequences [7].
Atherosclerosis stands among the most common of such

concerns that ultimately leads to cardiovascular diseases
(CVD) and strokes [8-10]. Factors governing oxidation of
LDL set the ground for the vicious cycle of atherosclerosis
[5, 11, 12]. Oxidized LDL (ox-LDL) is readily internalized
by macrophages. Atherosclerosis recruits macrophages into
arterial wall, wherein they turn into lipid-laden foam cells.
Foam cells, later on, perpetuates inflammatory responses that
cause further recruitments of monocytes and macrophages
into the sub endothelial spaces, leading to endothelial injury
and dysfunctions [5, 12, 13]. Strategies provided with mainte-
nance of reduced oxidative stress and improved antioxidant
defense had generated both “positive” and “no response”
effects in case of atherosclerosis and CVD. The reason behind
this mixed outcome had been attributed to the dosage of
the antioxidants used, the distinction between in vitro and
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in vivo experimental models, and occurrence of multi-
modal oxidative stress that goes beyond the defense capac-
ity of any specific antioxidant [14]. Thus, development of
antiatherosclerotic potential of antioxidants warrants appro-
priate therapeutic approaches.

Natural foods spur high in combating atherosclerosis
through their effect on preventing LDL oxidation [15], low-
ering plasma cholesterol, or inhibiting the biosynthesis of
cholesterol [16]. Edible fungi such as mushrooms, being
abound in myconutrients, beacon excellent in this context
[17-19]. Mushrooms have been highly regarded for possess-
ing natural free radical scavengers of various sorts including
polysaccharides (e.g., 8-D glucan), polyphenols (e.g., pheno-
licacids, flavonoids), vitamins (e.g., tocopherol, ascorbic acid,
niacin), ergosterol, and carotenoids. Bioactive compounds
present in mushrooms confer them to be pluripotential
agent for antioxidant [20-22], antitumor/anticancer [23,
24], antimicrobial [25, 26], immunomodulatory [23, 27],
antiatherogenic [28-31], and hypoglycemic actions [32, 33].
Mushrooms’ hypocholesterolemic effect has been attributed
to their inhibitory effect on cholesterol biosynthesis [34]
and absorption [35, 36] and stimulatory effect on fecal
excretion [37]. The dietary fibers present in mushrooms
further reinforce their suitability for being hypolipidemic
agents [38, 39].

Bioactive components present in mushrooms warrant
appropriate separation, recovery, and purification processes
for obtaining maximum output from their usage. Liquid-
liquid partitioning, also called solvent partitioning, is a
rapid, inexpensive, and steady-state procedure for extracting
biocomponents [40]. Through this approach, compounds are
separated based on their relative solubility in two different
immiscible solvents, most commonly water and an organic
solvent [41]. The organic solvent to be used is determined
depending on the chemical and physical properties of the
biocomponents to be separated. Also, the density differ-
ence between water and the solvent should be high; water-
solvent interfacial tension should allow their contact well;
solvent must not react irreversibly with the components and
the recovery rate of the components should be high after
partitioning [40]. Both polar (e.g., ethanol, methanol) and
nonpolar solvents (e.g., dichloromethane, hexane) or their
mixture (e.g., methanol: dichloromethane) is used depend-
ing on the bioactive components of interest. When left
undisturbed, the solvents form two distinct layers, in each
fraction containing the component of respective solubility.
The soluble compound is separated from the insoluble
one by rotary evaporation or by any other downstream
processing.

Hericium erinaceus, belonging to the division Basid-
iomycota and class Agaricomycetes, is both an edible and
medicinal mushroom. It is popular across the continents in
delicacy and replaces pork or lamb in Chinese vegetarian
cuisine. Its effect on cognitive improvement [42], stimulating
nerve growth factors [43] and nerve cells [44], ameliorating
effect, and hypoglycemic effect [45] have been reported.
However, there is still paucity of information indicating its
role in atherosclerosis. Thus, the present study was designed
to prepare liquid-liquid partitioned fractions of H. erinaceus
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and elucidate their antiatherosclerotic potential through eval-
uation of in vitro inhibitory effect on LDL oxidation and
HMG Co-A reductase activity followed by the identification
of the bioactive components present in the most potent
fraction.

2. Materials and Methods

2.1. Solvent Partitioning and Preparation of Liquid-Liquid
Fractions. The modified method of Mayakrishnan et al. [46]
was applied for solvent partitioning and fractionation of
Hericium erinaceus. Purchased from the local farm, the
mushroom fruit body was sliced, sun-dried, and ground to
powder. Two hundred grams of powder was extracted with
4L of methanol : dichloromethane (2:1) in conical flasks at
room temperature with occasional stirring and shaking for
3 days followed by filtration through Whatman number 1
filter paper. The extraction was repeated twice and the total
organic solution, collected from each step of extraction, was
evaporated using a rotary evaporator (Biichi Rotavapor R-
114, Switzerland) that yielded the crude (M :DCM) extract.
The dried, crude extract was dissolved in 90% aqueous
methanol and partitioned with hexane (3 x 100 mls). The
upper hexane layer was separated using a separating funnel
and hexane rota-evaporated. The bottom aqueous methanolic
layer left was rota-evaporated which yielded a semisolid
fraction. Redissolving of the semisolid fraction in distilled
water (100 mL) was followed by successive partitioning with
dichloromethane (DCM, 3 x 100 mls). The bottom-layered
DCM fraction was collected and DCM rota-evaporated
leaving the lowered aqueous fraction to be repartitioned with
ethyl acetate (EA, 3 x 100 mls). The upper EA layer was rota-
evaporated and the lowered aqueous part freeze-dried to gain
the respective fraction.

2.2. Sources of the Chemicals. The chemicals used in the
present study were of analytical grade and purchased from
Sigma-Aldrich (USA).

2.3. FeSO,-Induced LDL Oxidation and H. erinaceus Frac-
tions-Mediated Inhibition. To determine the effect of the
fractions on the inhibition of the oxidation of human low-
density lipoprotein (LDL), the method of Ahmadvand et
al. [47] was used with some modifications. Two aspects of
LDL oxidation were measured: conjugated diene (CD) and
thiobarbituric acid reactive substances (TBARS).

2.3.1. Continuous Monitoring of the Formation of CD. For
CD measurement, the concentration of LDL was adjusted to
150 ug/mL and the reaction volume totaled to 200 uL with
0.1M phosphate buffer, pH 7.4. The oxidative stress to LDL
molecules was exerted through freshly prepared FeSO, solu-
tion of varying concentrations (1, 5, 10, 20, 25, and 50 pg/mL)
at room temperature. The kinetics of LDL oxidation and the
oxidation-withstanding effect of the extracts were studied at
234nm at 20-minute intervals for a period of 3h. As for
blank, FeSO, in ultrapure water only, at pH 74, was used.
A tangent drawn from the oxidation profile of LDL to the
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slope of the propagation phase and extrapolation into the
intercept revealed the lag phase, the antioxidant-shielded
phase of the contour LDL oxidation. Hericium erinaceus
fractions-mediated protection period of the LDL oxidation
was dubbed as the “lengthened lag time of CD formation” and
was measured until the amount of the CD began to increase.

2.3.2. Assay of the Formation of Thiobarbituric Acid Reactant
Substances (TBARS). The end products of LDL peroxidation,
TBARS, were measured as per the modified method of Buege
and Aust [48]. Human LDL (9 puL) was mixed with 191 uL of
10 mM ferrous sulphate, the oxidizing agent for the LDL. The
oxidized LDL molecules were subjected to 100 uL of 1 ug/mL
of extract. To the mixture, 500 uL of 15% trichloroacetic
acid (TCA) and 1 mL of 1% thiobarbituric acid (TBA), both
freshly prepared, were added and incubated at 100°C for 10
minutes. After cooling down at room temperature, an aliquot
(300 uL) was taken to the ELISA reader and the absorbance
read at 532 nm. The blank was FeSO, in water, pH 7.4. The
percentage inhibition of TBARS formation was calculated
using the following equation:

100
X —

Inhibition (%) = (A, — A;) "
0

> @

where A, is the absorbance of the control and A, is the
absorbance of the reaction mixture containing the extract.
IC;, value (concentration of the extract to produce half
maximal inhibition) of the most potent solvent extract was
calculated from the graph of the inhibition of TBARS against
extract concentration.

2.4. Inhibition of the HMG-CoA Reductase Activity. The
potentiality of each of the extracts in inhibiting the rate
limiting enzyme of cholesterol biosynthesis was measured
according to the method of Gholamhoseinian et al. [49]
using HMG-CoA reductase assay kit (Sigma, St. Louis, USA;
catalog number CS1090) according to the manufacturer’s
protocol. Pravastatin was used as the standard reference
HMG-CoA reductase inhibitor.

The percentage inhibition of the HMG Co-A reductase
activity was calculated using the following equation:

1
Inhibition (%) = (A, — A;) X %, (2)
0

where A, is the absorbance of the control and A, is the
absorbance of the reaction mixture containing the extract.
IC;, value (concentration of the extract to produce half
maximal inhibition) of the most potent solvent extract was
calculated from the graph of the inhibition of HMG Co-A
reductase against extract concentration.

2.5. Gas Chromatography-Mass Spectrometry (GC-MS) Analy-
sis of the Hexane Fraction. Gas chromatography directly cou-
pled to a mass spectrometer system was employed for GC-MS
analyses of the hexane fraction of H. erinaceus. The column
used was HP-5ms silica capillary column (30 m x 250 yum,
0.25pym film). Other conditions maintained include oven

temperature ranging from 70°C (2min) to 300°C (6 min),
finally maintained for 29 min; helium as the carrier gas,
flow rate of 1 mL/min; injector temperature 250°C; injection
volume 1.5 yL; injection technique splitless; 70 eV ionization
energy, electronic ionization (EI) mode; ion source temper-
ature 200°C; scan mass range 50-550 m/z; and the interface
line temperature of 300°C. Peak identification was performed
comparing with mass spectra of the National Institute of
Standards and Technology (NIST 08 and NISTO08s) library
data.

2.6. Statistical Analyses. All the experiments were performed
in triplicate and the data presented as mean + SD. Statistical
package SPSS version 16 was used. Analyses were carried
out using one-way analysis of variance (ANOVA) and the
differences among means were further analyzed by least
significance difference (LSD) at 95% level (P < 0.05).

3. Results

3.1 LDL Oxidation Tests. The oxidative modification of
lipid structures and the resulting products are among the
key factors that initiate atherosclerotic pathogenesis. The
unsaturated portions of lipids especially the double bonds of
fatty acids present in lipid molecules are most vulnerable to
oxidative attack by free radicals and ions that lead to altered
lipid structures resulting in the proatherosclerotic breakdown
products [50]. Based on this paradigm, we induced LDL
oxidation by Fe™ at low pH and tested the action of each
liquid-liquid fraction [47, 50]. All the concentrations (1, 5, 0,
20, 25, and 50 ug/mL) of FeSO, used were capable of inducing
oxidation in a dose-dependent manner (Figure 1).

3.2. Inhibition of LDL Oxidation by H. erinaceus Fractions. As
LDL oxidation is one of the preliminary steps of atherosclero-
sis, it is of paramount importance to search for agents capable
of withstanding oxidation of LDL with a view to combating
atherosclerosis. In this connection, we evaluated the potency
of H. erinaceus solvent partitioned fractions in inhibiting in
vitro oxidation of human LDL and monitored their effect
on ox-LDL breakdown products CD (Figure 2) and TBARS
(Figure 3).

For CD formation, there has been a consensus that
increase in lag time of the CD formation indicates the
inhibition of LDL oxidation by the antioxidant compound
[5, 12]. In the present study, the hexane fraction lengthened
the lag time of CD formation the most (100 mins), followed
intricately by that of DCM (95 mins) (Figure 2). The lag time
of other fractions was shorter (<70 mins) indicating that the
rate of the formation of CD was rapid as evidenced by higher
absorbance (Figure 2).

Hexane fraction also most highly inhibited (68.28%,
IC5, 0.73 mg/mL) the formation of TBARS as a result of
the oxidation of LDL molecules (Figure 3). DCM fraction
stood second with 58.32% inhibition (ICs, 0.87 mg/mL).
The sequence of other fractions in decreasing pattern of
inhibition was ethyl acetate (51.41%), methyl : DCM (42.11%),
and aqueous (37.02%) (Figure 3).
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FIGURE 1: Effect of various concentrations of FeSO, on inducing
oxidative modification of human LDL molecules to produce con-
jugated dienes (CD). The absorbance of formed CD was monitored
at 234 nm at every 20 mins for a period of 180 mins.

3.3. HMG Co-A Reductase Inhibitory Effect. Elevated plasma
cholesterol is one of the most crucial factors of atheroscle-
rosis. Lowering the level of cholesterol reverses or at least
retards atherosclerosis. Attempts have been made to mon-
itor the decrease in cholesterol biosynthesis by inhibiting
the key enzyme, the 3-hydroxy-3-methyl glutaryl coenzyme
A (HMG-CoA) reductase. In this context, we conducted
experiments with the solvent partitioned fractions (10 mg/mL
conc.) of H. erinaceus whether they possess any inhibitory
effect upon the HMG-CoA reductase activity in vitro. Results
obtained demonstrate that all the fractions exerted inhibitory
effect on HMG-CoA reductase activity, although varied
among themselves in their potency. The hexane fraction
showed the highest inhibitory effect of 59.91%, followed by
DCM (56.23%) (Figure 4). This trend was in congruence with
that of preventing LDL oxidation effects of this fraction. The
inhibitory capacity of the other fractions was moderate. Also,
inter-fractional variation in reducing the activity of HMG
Co-A reductase was not statistically significant. However,
the trend of inhibition was similar to that of LDL oxidation
prevention by the respective fractions (ethyl acetate 51.41%,
M :DCM 50.59%, and aqueous fraction 39.13%) (Figure 4).

3.4. Identification of the Chemical Constituents of Hexane
Fraction by Gas Chromatography-Mass Spectrmetry (GC-MS).
Among the five liquid-liquid fractions of H. erinaceus, hexane
performed the best in withstanding in vitro LDL oxidation
and HMG Co-A reductase activity. Thus, this fraction was
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FIGURE 2: Effect of H. erinaceus fractions on inhibiting the oxidation
of human LDL (ox-LDL) molecules. The increased lag time of
conjugated diene (CD) formation along with decreased absorbance
at 234 nm indicates the extent of ox-LDL inhibition by the respective
fraction against the FeSO,-induced LDL oxidation. Quercetin (Q)
was used as the positive control. All the fractions and quercetin were
used at 1 ug/mL conc.
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F1GUre 3: Effect of H. erinaceus solvent-solvent fractions on inhibit-
ing the oxidation of human LDL (ox-LDL) molecules. The per-
centage of inhibition of TBARS production at 532 nm indicates the
inhibitory extent of ox-LDL production for the respective fraction.
Quercetin (Q) was used as the positive control. All the fractions and
quercetin were used at 1 mg/mL conc. Data are presented as mean
+ SD of triplicate determinations. Mean values with different lower
case superscripts (a—f) represent statistically significant difference at
95% level (P < 0.05) with post hoc least significance difference (LSD)
test.
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FIGURE 4: Effect of H. erinaceus solvent-solvent fractions on inhibit-
ing the activity of HMG Co-A reductase. All the fractions were
10 mg/mL conc. Pravastatin was used as the positive control directly
as per the manufacturer’s instructions. Data are presented as mean
+ SD of triplicate determinations. Mean values with different lower
case superscripts (a—f) represent statistically significant difference at
95% level (P < 0.05) with post hoc least significance difference (LSD)
test.

profiled through GC-MS. The GC-MS chromatogram of
the hexane fraction is provided in Figure5 and Table 1.
Ten components were characterized based on the peak area
percentage, the relative retention time (Rt), and respective
quality [51]. Among the most active ones was ergosterol,
the major sterol conferring antioxidative effect of the edible
mushrooms [52, 53]. Besides, other components belonging
to both saturated and unsaturated fatty acids, triterpenes
and polysaccharides, were also present. Most of the compo-
nents identified had preventive role against oxidative stress-
induced atherosclerotic pathomechanism [18, 54].

4. Discussion

Atherosclerosis is a multifactorial complication leading to
cardiovascular diseases and stroke. Elevated level of total
cholesterol and LDL-cholesterol stand among the most
dreadly risk factors of atherosclerosis. The oxidized form
of LDL (o0x-LDL) is supposed to set the ground of this
pathophysiology. With a view to withstanding atherosclerosis
through myconutrient-mediated approach, the present study
was designed to in vitro evaluate the effect of the solvent
partitioned fractions of H. erinaceus on ox-LDL, HMG
Co-A reductase activity and finally to identify the active
components in the most potent fraction by GC-MS analysis.

The in vitro oxidation of human LDL molecules was
performed using transition metal ion Fe™ [50, 55, 56]. This
approach was based on previous research findings that LDL
oxidation at cell-free system by redox-active metal ions (Fe,
Cu) is physiologically and biochemically similar to that of
cellular systems [57-60]. Epidemiologic studies indicate the
higher level of iron and copper ions in the arterial walls of the
atherosclerotic individuals and thus these redox-active metal
ions have been implicated in playing a vital role in oxidizing
the native LDL molecule both in vivo and in vitro [55]. These
ions exert peroxidative modification of the polyunsaturated
fatty acids (PUFAs) present in the LDL molecule and cause
molecular rearrangement, thus forming conjugated dienes
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FIGURE 5: GC-MS chromatogram of the hexane fraction of Hericium
erinaceus.

(CDs). We used FeSO, at varying doses (1, 10, 20, 25, and
50 ug/mL) and all were capable of the oxidative modification
of LDL, as evidenced by the gradual increased absorbance,
which is proportional to the formation of CDs. Initially,
the endogenous antioxidants present in LDL molecule itself
protect LDL by withstanding the oxidative stress and there is
suppressed oxidation, also known as the lag time of oxidation.
When H. erinaceus solvent partitioned fractions were applied,
the lag time was lengthened even up to 100 minutes for
the hexane and 95 minutes for the DCM fractions. There
was a gradual decrease in absorbance of the fraction-treated
samples, indicating the decreased oxidation of native LDL
molecules and thus reinforcing the anti-LDL-oxidative effect
of the fractions.

During the course of LDL oxidation, the lag phase is
quickly followed by the propagation phase of rapid LDL
oxidation, when lipid peroxides are formed. Then comes the
decomposition phase, wherein double bonds are broken and
aldehydes, especially malondialdehydes (MDA), are formed.
At the present experimental setup, MDA underwent nucle-
ophilic addition reaction with 2-thiobarbituric acid (TBA)
and generated “MDA : TBA adduct” dubbed as “thiobarbi-
turic acid reactive substances” (TBARS) [61]. We investigated
whether different solvent fractions of H. erinaceus could
inhibit the formation of TBARS. We found that the hexane
fraction had the most potent inhibitory effect on TBARS
formation (68.28%, IC5, 0.73mg/mL), followed by DCM
(58.32%, ICs, 0.87 mg/mL). Ethyl acetate was of moderate
activity (51.41%), whereas the effect of methanol: DCM and
aqueous fractions were lower (42.11% and 37.02% inhibition,
resp.). The high inhibitory effect of the nonpolar hexane
fraction might be attributed to its lipophilic myconutrients
content.

Antioxidants present in the solvent partitioned fractions
of H. erinaceus seem pertinent to come into action. Among
multiple strategies, the free radical quenching mechanism
of the antioxidants holds high suitability in this context.
The antioxidant components themselves might become oxi-
dized and thus prevented the LDL molecules from sheer
oxidative modifications. Antioxidants may act as electron
donors to the free radicals (here, Fe'?) to make them stable
molecules, thus lessening the oxidative stress towards LDL
molecules. Therefore, H. erinaceus could be a potent source of
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TaBLE 1: Identification of the active components of the hexane fraction of H. erinaceus by GC-MS analysis.
Number Name Structure Rt Peail;a;rea M. formula M. wt. (g)
(9
CH;
H,;C AN CH;,
CH,
CH,
1 Ergosterol CH 25.723 5.20 C,sH,,0 396.65
HO
Octad i ?
ot J\/\/\/\/\/\/\/\/\
2 s/ etonnessd HO 17541 6.28 CsH,40, 284.48
(0]
9,12-
Octadecadienoic = OH
3 acid 17352 2731 C,sH,,0, 280.45
(Z,Z/cis-linoleic
acid)
(0]
OH
n-Heptadecanoic
4 id/margaric acid 16.825 215 C,H,,0, 270.45
n-Hexadecanoic f
5 peid/palmitic arid e~ Ao 14.908 2.64 C,H,,0, 254.40
OH
6 Pentadecanoic acid /\/\/\/\/\/\/\[OI/ 14.371 157 CisH30, 242.39
Tetradecanoic O
7 acid/myristicacid, o~~~ Ao 13.243 0.58 CH,50, 22837
methyl ester
Cetene
8 (Lhexadecene) 7~ 11.309 2.04 CyH, 224.43
OH
9 Phenol 10.422 233 C.H,O 94.11
10 3-Tetradecene = 8.86 1.23 C Hyg 196.37

compounds preventing LDL oxidation and ox-LDL-mediated
atherogenesis.

Hypercholesterolemia is another risk factor for the devel-
opment of atherosclerosis and attempts have been made for
blocking the biosynthesis of cholesterol by inhibiting the
activity of the key enzyme of cholesterol biosynthetic path-
way, the 3-hydroxy-3-methyl glutaryl coenzyme A (HMG-
CoA) reductase [62]. Recently, the HMG Co-A reductase

inhibitors have been reported to be having pleiotropic effects
beyond cholesterol lowering that involve mainly antiathero-
genic performance through antioxidative prevention [63-
65]. We tested the effect of H. erinaceus solvent fractions
on HMG Co-A reductase activity in vitro, using pravas-
tatin as the positive control. Here also, the hexane fraction
most highly inhibited (59.91%) the activity of HMG Co-A
reductase, followed by that of DCM (56.23%). Conceptually,
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H. erinaceus solvent fractions, having anti-ox-LDL potential,
were supposed to have inhibitory effect on HMG Co-A
reductase activity, and this was found experimentally.

As the hexane fraction showed the best effect for inhibit-
ing oxidization of LDL and HMG Co-A reductase activity,
it is very likely that the active mycocomponents might be
present here. Thus, we performed GC-MS analysis of the
hexane fraction of H. erinaceus. Among the most active
biocomponents was ergosterol, the major sterol conferring
antioxidative effect of the edible mushrooms [52, 53]. Previ-
ously, 5,6-dihydroergosterol had been reported to inhibit the
production of nitric oxide (NO) and iNOs protein expression
and thus aid in preventing inflammatory complications [66].
Hajjaj et al. reported the cholesterol biosynthesis inhibitory
effect of another related component, 26-oxygenosterols [67].
The point of inhibition of cholesterol biosynthesis was
between lanosterol and lathosterol [67]. Total sterol extracted
from mushrooms had been suggested to have ameliorating
effect on hypoxia/reoxygenation-induced oxidative stress and
inhibitory effect on the formation of reactive oxygen species
(ROS) [68].

Octadecanoic acid, another bioactive component present,
was found to be associated with lowered LDL-cholesterol in
comparison with other saturated fatty acids [69]. Linoleic
acid (9,12-octadecadienoic acid), an omega-6 unsaturated
fatty acid found in the hexane fraction, has been implicated
in having antioxidant effects [70]. Other mycocompounds
belonging to saturated and unsaturated fatty acids, triter-
penes, and polysaccharides were present. The majority of the
components identified had preventive role against oxidative
stress-induced atherogenesis [18, 54].

5. Conclusion

We have demonstrated that the different solvent partitioned
fractions of lion’s mane mushroom, Hericium erinaceus, pos-
sess prowess for preventing LDL oxidation and for withstand-
ing HMG Co-A reductase activity. These august findings
suggest strongly that this mushroom species could aid greatly
in preventing oxidative stress-induced atherosclerotic patho-
genesis and thus is of immense importance for the people
suffering from cardiovascular complications and strokes.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

The authors gratefully thank the University of Malaya for
the UMRG-AFR funding RP14D-13AFR and PPP Grant no.
PG109-2013B. Mohammad Azizur Rahman is grateful for the
tellowship supported by the Bright Sparks Unit, University of
Malaya.

References

(1] L. Nagy, P. Tontonoz, J. G. A. Alvarez, H. Chen, and R. M. Evans,
“Oxidized LDL regulates macrophage gene expression through

ligand activation of PPARy,” Cell, vol. 93, no. 2, pp. 229-240,
1998.

[2] M. S. Brown and J. L. Goldstein, “How LDL receptors influence
cholesterol and atherosclerosis,” Scientific American, vol. 251,
no. 5, pp. 58-66, 1984.

[3] S. M. Grundy, “Oxidized LDL and atherogenesis: relation to risk
factors for coronary heart disease;” Clinical Cardiology, vol. 16,
no. 4, supplement 1, pp. I3-15, 1993.

[4] R. L. Walzem, S. Watkins, E. N. Frankel, R. J. Hansen, and J.
B. German, “Older plasma lipoproteins are more susceptible
to oxidation: a linking mechanism for the lipid and oxidation
theories of atherosclerotic cardiovascular disease;” Proceedings
of the National Academy of Sciences of the United States of
America, vol. 92, no. 16, pp. 7460-7464, 1995.

[5] 1. Jialal and S. Devaraj, “Low-density lipoprotein oxidation,

antioxidants and atherosclerosis: a clinical biochemistry per-

spective,” Clinical Chemistry, vol. 42, no. 4, pp. 498-506, 1996.

B. Halliwell, “Antioxidants in human health and disease,

Annual Review of Nutrition, vol. 16, pp. 33-50, 1996.

[7] V. Lobo, A. Patil, A. Phatak, and N. Chandra, “Free radicals,
antioxidants and functional foods: impact on human health,”
Pharmacognosy Reviews, vol. 4, no. 8, pp. 118-126, 2010.

[8] C.J. Murray and A. D. Lopez, “Global mortality, disability, and
the contribution of risk factors: global burden of disease study,”
The Lancet, vol. 349, no. 9063, pp. 1436-1442, 1997.

[9] P.Libby, “Inflammation in atherosclerosis,” Nature, vol. 420, no.
6917, pp. 868-874, 2002.

[10] AHA, “AHA statistical update heart disease and stroke
statistics—2012 update, a report from the American Heart
Association,” Circulation, vol. 125, pp. e2-e220, 2012.

[11] D. Li and J. L. Mehta, “Oxidized LDL, a critical factor in
atherogenesis,” Cardiovascular Research, vol. 68, no. 3, pp. 353-
354, 2005.

[12] H. Yoshida and R. Kisugi, “Mechanisms of LDL oxidation,”
Clinica Chimica Acta, vol. 411, no. 23-24, pp. 1875-1882, 2010.

[13] J. L. Witztum and D. Steinberg, “The oxidative modification
hypothesis of atherosclerosis: does it hold for humans?” Trends
in Cardiovascular Medicine, vol. 11, no. 3-4, pp. 93-102, 2001.

[14] M. A. Abdulla, S. M. Noor, V. Sabaratnam, N. Abdullah,
K.-H. Wong, and H. M. Ali, “Effect of culinary-medicinal
lion’s mane mushroom, Hericium erinaceus (Bull.: Fr.) Pers.
(Aphyllophoromycetideae), on ethanol-induced gastric ulcers
in rats,” International Journal of Medicinal Mushrooms, vol. 10,
no. 4, pp. 325-330, 2008.

[15] C. D. Kay, P. M. Kris-Etherton, and S. G. West, “Effects of
antioxidant-rich foods on vascular reactivity: review of the
clinical evidence,” Current Atherosclerosis Reports, vol. 8, no. 6,
pp. 510-522, 2006.

[16] L. Fontana, T. E. Meyer, S. Klein, and J. O. Holloszy, “Long-

term calorie restriction is highly effective in reducing the risk for

atherosclerosis in humans,” Proceedings of the National Academy
of Sciences of the United States of America, vol. 101, no. 17, pp.

6659-6663, 2004.

N. Abdullah, S. M. Ismail, N. Aminudin, A. S. Shuib, and B.

E Lau, “Evaluation of selected culinary-medicinal mushrooms

for antioxidant and ACE inhibitory activities,” Evidence-Based

Complementary and Alternative Medicine, vol. 2012, Article ID

464238, 12 pages, 2012.

[18] E. Guillamén, A. Garcia-Lafuente, M. Lozano et al., “Edible
mushrooms: role in the prevention of cardiovascular diseases,”
Fitoterapia, vol. 81, no. 7, pp- 715-723, 2010.

[6

(17

85UB017 SUOWILLIOD BAIER1D 3|1 [dde 8y Aq pausenoh ae sap e YO Bsn JO 3N 104 Aeuqi 8UlUQ AB|IA UO (SUORIPUOD-pUR-SWR}WIOD™AB | I Aleiq 1[eu | [UO//SANY) SUORIPUOD pue sWie | 8y} 89S *[S20z/60/52] Lo A1 auliuo Ao|IM ‘891 AQ 61T828/7T02/SSTT OT/I0p/wod Ao im AReiq 1 puluo//sdny woly papeo|umod ‘T ‘¥T0Z ‘8ELZ



(19]

[25]

[26]

(27]

(30]

(31]

(32]

(33]

(34]

R. K. Jananie, V. Priya, and V. K. Lakshmi, “Gas
chromatography-mass  spectrum analysis of bioactive
components of Agaricus bisporus, Asian Journal of

Pharmaceutical and Clinical Research, vol. 5, no. 2, 2012.

I. C. E R. Ferreira, L. Barros, and R. M. V. Abreu, “Antioxidants
in wild mushrooms,” Current Medicinal Chemistry, vol. 16, no.
12, pp. 1543-1560, 2009.

J.-L. Mau, H.-C. Lin, and C.-C. Chen, “Antioxidant properties of
several medicinal mushrooms,” Journal of Agricultural and Food
Chemistry, vol. 50, no. 21, pp. 6072-6077, 2002.

L. Barros, P. Baptista, and I. C. E R. Ferreira, “Effect of Lactarius
piperatus fruiting body maturity stage on antioxidant activity
measured by several biochemical assays,” Food and Chemical
Toxicology, vol. 45, no. 9, pp. 1731-1737, 2007.

S. Wasser, “Medicinal mushrooms as a source of antitumor
and immunomodulating polysaccharides,” Applied Microbiol-
ogy and Biotechnology, vol. 60, no. 3, pp. 258-274, 2003.

M.-E. Moradali, H. Mostafavi, S. Ghods, and G.-A. Hedjaroude,
“Immunomodulating and anticancer agents in the realm of
macromycetes fungi (macrofungi),” International Immunophar-
macology, vol. 7, no. 6, pp. 701-724, 2007.

C. Ramesh and M. G. Pattar, “Antimicrobial properties, antiox-
idant activity and bioactive compounds from six wild edible
mushrooms of western ghats of Karnataka, India,” Pharmacog-
nosy Research, vol. 2, no. 2, pp. 107-112, 2010.

R. Hearst, D. Nelson, G. McCollum et al., “An examination
of antibacterial and antifungal properties of constituents of
Shiitake (Lentinula edodes) and Oyster (Pleurotus ostreatus)
mushrooms,” Complementary Therapies in Clinical Practice, vol.
15, no. 1, pp. 5-7, 2009.

C. Lull, H. J. Wichers, and H. E J. Savelkoul, “Antiinflammatory
and immunomodulating properties of fungal metabolites;”
Mediators of Inflammation, vol. 2005, no. 2, pp. 63-80, 2005.

T. Yamada, T. Oinuma, M. Niihashi et al., “Effects of Lentinus
edodes mycelia on dietary-induced atherosclerotic involvement
in rabbit aorta,” Journal of Atherosclerosis and Thrombosis, vol.
9, no. 3, pp. 149-156, 2002.

K. Mori, C. Kobayashi, T. Tomita, S. Inatomi, and M. Ikeda,
“Antiatherosclerotic effect of the edible mushrooms Pleurotus
eryngii (Eringi), Grifola frondosa (Maitake), and Hypsizygus
marmoreus (Bunashimeji) in apolipoprotein E-deficient mice;”
Nutrition Research, vol. 28, no. 5, pp. 335-342, 2008.

N. Alam, K. N. Yoon, T. S. Lee, and U. Y. Lee, “Hypolipidemic
activities of dietary Pleurotus ostreatus in hypercholesterolemic
rats,” Mycobiology, vol. 39, no. 1, pp. 45-51, 2011.

S. Hossain, M. Hashimoto, E. K. Choudhury et al., “Dietary
mushroom (Pleurotus ostreatus) ameliorates atherogenic lipid
in hypercholesterolaemic rats,” Clinical and Experimental Phar-
macology and Physiology, vol. 30, no. 7, pp. 470-475, 2003.
B.-K. Yang, G.-K. Kim, Y.-T. Jeong et al,, “Hypoglycemic
effects of exo-biopolymers produced by five different medicinal
mushrooms in STZ-induced diabetic rats,” Mycobiology, vol. 36,
no. 1, pp. 45-49, 2008.

H. Lei, M. Zhang, Q. Wang et al,, “MT-a-glucan from the
fruit body of the maitake medicinal mushroom Grifola fron-
dosa (higher basidiomyetes) shows protective effects for hypo-
glycemic pancreatic 3-cells;” International Journal of Medicinal
Mushrooms, vol. 15, no. 4, pp. 373-381, 2013.

A. Gil-Ramirez, C. Clavijo, M. Palanisamy et al., “Study on the
3-hydroxy-3-methyl-glutaryl CoA reductase inhibitory proper-
ties of Agaricus bisporus and extraction of bioactive fractions

(35

(37]

(38]

(40]

(41]

(42]

(43]

(48]

(49]

BioMed Research International

using pressurised solvent technologies,” Journal of the Science of
Food and Agriculture, vol. 93, no. 11, pp. 2789-2796, 2013.

P. Bobek, L. Ozdin, and L. Kuniak, “Mechanism of hypocholes-
terolemic effect of oyster mushroom (Pleurotus ostreatus) in
rats: reduction of cholesterol absorption and increase of plasma
cholesterol removal,” Zeitschrift fur Ernahrungswissenschaft,
vol. 33, no. 1, pp. 44-50, 1994.

A. Berger, D. Rein, E. Kratky et al, “Cholesterol-lowering
properties of Ganoderma lucidum in vitro, ex vivo, and in
hamsters and minipigs,” Lipids in Health and Disease, vol. 3, no.
2, pp. 1-12, 2004.

H. Yang, I. Hwang, S. Kim et al., “Lentinus edodes promotes
fat removal in hypercholesterolemic mice,” Experimental and
Therapeutic Medicine, vol. 6, no. 6, pp. 1409-1413, 2013.

M. Fukushima, M. Nakano, Y. Morii, T. Ohashi, Y. Fujiwara, and
K. Sonoyama, “Hepatic LDL receptor mRNA in rats is increased
by dietary mushroom (Agaricus bisporus) fiber and sugar beet
fiber;” Journal of Nutrition, vol. 130, no. 9, pp. 2151-2156, 2000.
H.-H. Cheng, W.-C. Hou, and M.-L. Lu, “Interactions of lipid
metabolism and intestinal physiology with Tremella fuciformis
Berk edible mushroom in rats fed a high-cholesterol diet with or
without nebacitin,” Journal of Agricultural and Food Chemistry,
vol. 50, no. 25, pp. 7438-7443, 2002.

T. Gu, “Liquid-liquid partitioning methods for bioseparations,”
Separation Science and Technology, vol. 2, no. C, pp. 329-364,
2000.

S. K. Sikdar, K. D. Cole, R. M. Stewart, D. C. Szlag, P.
Todd, and H. Cabezas Jr., “Aqueous two-phase extraction in
bioseparations: an assessment,” Nature Biotechnology, vol. 9, no.
3, pp. 252-256, 1991

K. Mori, S. Inatomi, K. Ouchi, Y. Azumi, and T. Tuchida,
“Improving effects of the mushroom Yamabushitake (Heri-
cium erinaceus) on mild cognitive impairment: a double-blind
placebo-controlled clinical trial,” Phytotherapy Research, vol. 23,
no. 3, pp. 367-372, 2009.

K. Mori, Y. Obara, M. Hirota et al., “Nerve growth factor-
inducing activity of Hericium erinaceus in 132IN1 human
astrocytoma cells,” Biological and Pharmaceutical Bulletin, vol.
31, no. 9, pp. 1727-1732, 2008.

K.-H. Wong, S. Vikineswary, N. Abdullah, M. Naidu, and R.
Keynes, “Activity of aqueous extracts of lion'’s mane mushroom
Hericium erinaceus (Bull.: Fr.) Pers. (Aphyllophoromycetideae)
on the neural cell line NG108-15, International Journal of
Medicinal Mushrooms, vol. 9, no. 1, pp. 57-65, 2007.

C. W. Jinn, H. H. Shu, T. W. Jih, S. C. Ker, and C. C. Yi,
“Hypoglycemic effect of extract of Hericium erinaceus,” Journal
of the Science of Food and Agriculture, vol. 85, no. 4, pp. 641-646,
2005.

V. Mayakrishnan, N. Abdullah, M. H. Z. Abidin et al,
“Investigation of the antioxidative potential of various solvent
fractions from fruiting bodies of Schizophyllum commune
(Fr.)mushrooms and characterization of phytoconstituents,”
Journal of Agricultural Science, vol. 5, no. 6, pp. 58-68, 2013.

H. Ahmadvand, M. Ani, and A. A. Moshtaghie, “Inhibitory
effect of Allium cepa extract on LDL oxidation induced by
CuSO, in vitro compared with Allium sativum and Allium
ascalonicom;” Iranian Journal of Pharmacology and Therapeu-
tics, vol. 10, no. 2, pp. 67-71, 2011.

J. A. Buege and S. D. Aust, “Microsomal lipid peroxidation,”
Methods in Enzymology, vol. 52, pp. 302-310, 1978.

A. Gholamhoseinian, B. Shahouzehi, and F Sharifi-Far,
“Inhibitory activity of some plant methanol extracts

85U8017 SUOWILLIOD 8AIIER1D) 3|edl[dde au Aq peusenob afe sajonre O ‘8sn Jo sa|n o) Aeuq i 8ulu 8|1/ UO (SUONIPUOO-PUR-SWBIAL0 A | Aleiq 1 jeul uo//:Sdny) SUONIPUOD pue swie L 8 88S *[Sz0z/£0/52] uo Ariqiauliuo A8|1IM ‘91 Aq 61T828/yT0Z/SSTT OT/I0p/Wod A8 1m Aelq 1jpuljuo//sdny woly pepeojumod ‘T ‘¥T0Z ‘8EL2



BioMed Research International

on 3-Hydroxy-3-Methylglutaryl coenzyme a reductase,
International Journal of Pharmacology, vol. 6, no. 5, pp. 705-711,
2010.

[50] J. Morgan and D. S. Leake, “Oxidation of low density lipoprotein
by iron or copper atacidic pH,” Journal of Lipid Research, vol. 36,
no. 12, pp. 2504-2512, 1995.

[51] E.C. Tatsis, S. Boeren, V. Exarchou, A. N. Troganis, J. Vervoort,
and L. P. Gerothanassis, “Identification of the major constituents
of Hypericum perforatum by LC/SPE/NMR and/or LC/MS,
Phytochemistry, vol. 68, no. 3, pp. 383-393, 2007.

Y. Zhang, G. L. Mills, and M. G. Nair, “Cyclooxygenase
inhibitory and antioxidant compounds from the fruiting body
of an edible mushroom, Agrocybe aegerita,” Phytomedicine, vol.
10, no. 5, pp. 386-390, 2003.

[53] Y. Yaoita, R. Kakuda, K. Machida et al., “Ceramide constituents
from five mushrooms,” Chemical and Pharmaceutical Bulletin,
vol. 50, no. 5, pp. 551-553, 2002.

[54] K. Pavel, “Chemical composition and nutritional value of
European species of wild growing mushrooms,” in Mushrooms:
Types, Properties and Nutrition, S. Andres and N. Baumann,
Eds., Nova Science, 2012.

[55] S. M. Lynch and B. Frei, “Mechanisms of copper- and
iron-dependent oxidative modification of human low density
lipoprotein,” Journal of Lipid Research, vol. 34, no. 10, pp. 1745-
1753, 1993.

[56] E. Visioli, R. Bordone, C. Perugini, M. Bagnati, C. Cau, and
G. Bellomo, “The kinetics of copper-induced LDL oxidation
depend upon its lipid composition and antioxidant content,”
Biochemical and Biophysical Research Communications, vol. 268,
no. 3, pp. 818-822, 2000.

[57] D. Steinberg, S. Parthasarathy, T. E. Carew, J. C. Khoo, and J.
L. Witztum, “Beyond cholesterol: modifications of low-density
lipoprotein that increase its atherogenicity, New England Jour-
nal of Medicine, vol. 320, no. 14, pp. 915-924, 1989.

[58] C. L. Miranda, J. E. Stevens, V. Ivanov et al., “Antioxidant and

prooxidant actions of prenylated and nonprenylated chalcones

and flavanones in vitro;” Journal of Agricultural and Food

Chemistry, vol. 48, no. 9, pp. 3876-3884, 2000.

C. Lapeyre, M. Delomenede, F. Bedos-Belval, H. Duran, A.

Neégre-Salvayre, and M. Baltas, “Design, synthesis, and evalu-

ation of pharmacological properties of cinnamic derivatives as

antiatherogenic agents,” Journal of Medicinal Chemistry, vol. 48,

no. 26, pp. 8115-8124, 2005.

G. Turchi, G. Alagona, and V. Lubrano, “Protective activity

of plicatin B against human LDL oxidation induced in metal

ion-dependent and -independent processes. Experimental and

theoretical studies,” Phytomedicine, vol. 16, no. 11, pp. 1014-1026,

20009.

G. Lefévre, M. Beljean-Leymarie, F. Beyerle et al., “Evaluation of

lipid peroxidation by assaying the thiobarbituric acid-reactive

substances,” Annales de Biologie Clinique, vol. 56, no. 3, pp. 305-

319, 1998.

American Heart Association, “Revision 2000: A statement for

healthcare professionals from the nutrition committee of the

American Heart Association,” Circulation, vol. 102, pp. 2296—

2311, 2000.

[63] L. L. Stoll, M. L. McCormick, G. M. Denning, and N. L.
Weintraub, “Antioxidant effects of statins,” Drugs of Today, vol.
40, no. 12, pp. 975-989, 2004.

[64] P. Gelosa, M. Cimino, A. Pignieri, E. Tremoli, U. Guerrini,

and L. Sironi, “The role of HMG-CoA reductase inhibition

(52

[59

[60

(61

o
)

[65]

[66]

in endothelial dysfunction and inflammation,” Vascular Health
and Risk Management, vol. 3, no. 5, pp. 567-577, 2007.

M. K. Ito, R. L. Talbert, and S. Tsimikas, “Statin-associated
pleiotropy: possible beneficial effects beyond cholesterol reduc-
tion,” Pharmacotherapy, vol. 26, no. 7, pp. 855-97§, 2006.

H. G. Park, T. H. Lee, F. Chang et al., “Synthesis of ergosterol and
5,6-Dihydroergosterol glycosides and their inhibitory activities
on lipopolysaccharide-induced nitric oxide production,” Bul-
letin of Korean Chemical Society, vol. 34, no. 5, p. 1339, 2013.

H. Hajjaj, C. Macé, M. Roberts, P. Niederberger, and L. B.
Fay, “Effect of 26-oxygenosterols from Ganoderma lucidum and
their activity as cholesterol synthesis inhibitors,” Applied and
Environmental Microbiology, vol. 71, no. 7, pp. 3653-3658, 2005.
H.-B. Zhao, S.-Z. Wang, Q.-H. He, L. Yuan, A. E Chen, and
Z.-B. Lin, “Ganoderma total sterol (GS) and GS1 protect rat
cerebral cortical neurons from hypoxia/reoxygenation injury,”
Life Sciences, vol. 76, no. 9, pp. 1027-1037, 2005.

J. E. Hunter, J. Zhang, P. M. Kris-Etherton, and L. Childs,
“Cardiovascular disease risk of dietary stearic acid compared
with trans, other saturated, and unsaturated fatty acids: a
systematic review;” American Journal of Clinical Nutrition, vol.
91, no. 1, pp. 46-63, 2010.

M. N. Peyrat-Maillard, M. E. Cuvelier, and C. Berset, “Antiox-
idant activity of phenolic compounds in 2,2'-azobis (2-
amidinopropane) dihydrochloride (AAPH)-induced oxidation:
synergistic and antagonistic eftects,” Journal of the American Oil
Chemists’ Society, vol. 80, no. 10, pp. 1007-1012, 2003.

85U8017 SUOWILLIOD 8AIIER1D) 3|edl[dde au Aq peusenob afe sajonre O ‘8sn Jo sa|n o) Aeuq i 8ulu 8|1/ UO (SUONIPUOO-PUR-SWBIAL0 A | Aleiq 1 jeul uo//:Sdny) SUONIPUOD pue swie L 8 88S *[Sz0z/£0/52] uo Ariqiauliuo A8|1IM ‘91 Aq 61T828/yT0Z/SSTT OT/I0p/Wod A8 1m Aelq 1jpuljuo//sdny woly pepeojumod ‘T ‘¥T0Z ‘8EL2



